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Abstract 
Due to ecological overloading decrease, industrial by-products are utilized. Fly ash also belongs among these by-products. In 
Portland-composite cements, the high-temperature fly ash is applied nowadays, but fluidized bed combustion fly ash (FBC fly 
ash) is not used. The reason is that the FBC fly ash hydrates to form an undesirable ettringite, C3A.3CaSO4.32H2O. 
Decomposition temperature of ettringite in ambient conditions is most often mentioned in a range of 50 °C to 110 °C. In order to 
assess the ettringite long-term stability, ettringite was synthesized by hydration of mineral yeelimite, 3CaO.3Al2O3.CaSO4. The 
aim of this paper is long-term observation of the hydration of yeelimite in environment of saturated water vapour and 
examination of how stable the products of hydration are under given conditions. Raw materials for preparation of yeelimite were 
gypsum, limestone and corundum, weighed according to stoichiometric ratio of yeelimite. The mixture was heated at temperature 
of 1200 °C, soak 3 hours. After quenching and grinding, yeelimite was hydrated with a water-yeelimite ratio of 0.3. The system 
was cured as pastes and stored in conditions at laboratory temperature and in settings of saturated water vapour (100% R.H.). In 
order to follow the progress of synthesis regularly, namely up to age of 180 days of hydration, X-ray diffraction (XRD) was 
chosen using diffractometer Empyrean PANalytical (CuK-alpha). Based on the XRD patterns, only minor part of ettringite was 
formed, whilst a majority of yeelimite was preserved. It has been found that ettringite was not the only one product of yeelimite 
hydration. From an age of 20 days of hydration, a small amount of monosulfate was identified, whose quantity rose gradually. 
Especially at later ages of hydration, transformation of ettringite into monosulfate was observed. 
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1. Introduction 
The cement production is, as many other industry sectors, a significant source of CO2 emissions. Approximately 
half of that amount is generated due to its energy-intensive burning process when producing cement. Thus 
utilization of industrial by-products which are not necessary to burn, entails reduction of carbon footprint of cement 
production. 
Fly ash also belongs among these by-products. Nowadays the high-temperature fly ash is applied into Portland-
composite cements, but fluidized bed combustion fly ash (FBC fly ash) is not used. The reason is that the FBC fly 
ash hydrates to form an undesirable ettringite, C3A.3CaSO4.32H2O. Decomposition temperature of ettringite in 
ambient conditions is most often mentioned in a range of 50 to 110 °C [1,2,3,4]. In order to assess the ettringite 
long-term stability, ettringite was synthesized by hydration of mineral yeelimite, 3CaO.3Al2O3.CaSO4. 
Yeelimite, also known as the Klein's Compound (Klein component/complex, Klein's salt), is a mineral with a 
composition of Ca4Al6(SO4)O12, also 3CaO.3Al2O3.CaSO4, shorthand C4A3Sࡃ . Its name has the origin from nature 
deposits Har Ye'elim and Nahal Ye'elim in Israel where yeelimite was first found in nature. This mineral is cubic 
and creates white or colorless crystals of density of 2.61 g.cm-3 [5,6]. 
Yeelimite was originally developed for use in expansive cements. It is the main phase (when the amount of 
yeelimite is > 50 % wt.) of calcium sulfoaluminate cements (CSA) and the key component (amount of 
yeelimite > 25 % wt.) of sulfobelite cements. It is used by itself or mixed with Portland clinker cement for its 
hydration-shrinkage endurance. Raw materials for its manufacture are limestone, bauxite and calcium sulphate 
dihydrate (gypsum) which are heated up at lower temperature (of about 1200 to 1250 °C) - compared to Portland 
clinker, which brings benefits such as reduction of production energy demand, decrease of quantity of CO2 
emissions of 35 % and also lower energy required to grind because yeelimite is easy to grind [7,8,9,10,11,12]. 
When mixed with water, hydration product is monosulfate and aluminum hydroxide, see Equation (1). In the 
presence of calcium ions and sulphate ions, yeelimite reacts to give ettringite according to Equation (2). When 
gypsum is depleted, monosulfate formation becomes dominant [11,12,13].  
3CaO · 3Al2O3 · Ca SO4 + 18H2O ĺ 3CaO · Al2O3 · Ca SO4 · 12H2O + 4Al(OH)3  (1) 
3CaO · 3Al2O3 · Ca SO4 + 8CaSO4 + 6Ca(OH)2 + 34H2O ĺ 3(3CaO · Al2O3 · 3Ca SO4 · 32H2O)  (2) 
It is known that when molar ratio CaSO4.2H2O/yeelimite is greater than 2.0, only (2) takes place. However, some 
authors claim that mix of AFt and AFm phases is formed [8,10,13,14]. 
Kinetics of yeelimite hydration depends on water/yeelimite ratio, solubility of aditional sulphate source and on 
yeelimite polymorphism [8]. 
In order to follow the progress of synthesis regularly, namely up to age of 180 days of hydration, X-ray 
diffraction (XRD) was chosen using diffractometer Empyrean PANalytical (CuK alpha). 
2. Materials and methods 
The experiment is based on the long-term observation of influence of environment of saturated water vapour on 
yeelimite clinker hydration. Yeelimite hydration gives ettringite, previous studies [13,15,16] verified this procedure 
as a possible way of ettringite synthesis. 
The whole procedure comprised of a few steps: firstly, raw powdery meal for firing of yeelimite was prepared 
and fired as the next step. Then yeelimite was hydrated. Subsequently, hydrated yeelimite was regularly tested. 
Yeelimite was totally prepared in three batches named Y0, Y1 and Y2. It was synthesized from three 
components: gypsum, CaSO4.2H2O (by-product from company Precheza, a.s., purity 98.6 %) and from analytical 
grade chemicals, namely limestone - calcium carbonate, CaCO3 (purity 99.0 %) and alumina oxide, Al2O3 (purity 
100.0 %). All compounds were in powder form. 
Raw materials were dried to a constant weight (limestone and corundum at temperature of 105 °C, gypsum at 
40 °C) using circulating oven BINDER ED, APT line II with forced circulation. According to stoichiometric ratio of 
desired yeelimite and considering the three raw materials purities, 38.44 wt. % of limestone, 39.21 wt. % of 
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corundum and 22.35 wt. % of gypsum was dosed with accuracy of ± 0.01 g using scales KERN KB. The raw 
materials mixture was blended with acetone into consistency suspension which was subsequently crushed and 
homogenized in a planetary mill for 20 minutes by 500 rpm using FRITSCH Pulverisette 6 with stainless steel 
grinding bodies. The resulting raw slurry was completely dried at temperature of 40 °C for 24 hours. 
Approximately 50 g of dry powder mix was poured into platinum crucibles and manually compacted with 
forming of a small cavity in the centre of the crucibles because of CO2-gas evolution, for the same reason the top 
quarter of the crucible volume was left empty. The filled crucibles were placed into the cold furnace. The firing 
procedure was performed in high temperature furnace CLASIC 2018S CLARE 4.0 at temperature of 1200 °C at 
heating rate of 10 °C/min, the temperature was held for 3 hours. The firing process was terminated with quenching 
by air flow. Cooled yeelimite was ground in the planetary mill for 20 minutes by 500 rpm. 
Every single batch was separately hydrated with water/yeelimite ratio of 0.3 wt. into paste consistency. The paste 
was placed into moulds of dimensions of 10×10×30 mm. The demolded samples were exposed to laboratory 
temperature and environment of saturated water vapour (100 % R.H.). This environment was reached by placing 
above the water surface in vapour-tight container. Mineralogical composition of samples of hydrated yeelimite at 
specific ages of hydration, namely twice a week up to age of 90 days and once a week subsequently, were 
characterised by XRD analysis using diffractometer Empyrean PANalytical under condition specified in Table 1. 
The XRD patterns were analysed by software HighScore Plus using database PDF. 
              Table 1. Parameters of diffractometer Panalytical. 
Parameter Value 
Anode CuK-alpha 
Wavelength 1.5405980 Å 
Detector PIXcel3D 
Voltage 45 kV 
Electric current 40 mA 
Scan range 5.0 – 80.0 °2Th. 
Scan size 0.0001 °2Th. 
Step size 0.0131 °2Th. 
Scan step time 157.845 s 
Goniometer Radius 240 mm 
 
For XRD analysis, hydrated yeelimite samples were first crushed in agate bowl, hydration was subsequently 
disrupted by triple shedding in isopropyl alcohol using McCrone Micronising Mill. Dry blunt samples were kept in 
air-tight ZIP bags. 
3. Results 
Mineralogical composition of yeelimite clinker manufactured in three batches (Y0, Y1, Y2) was analysed by 
XRD analysis first. The x axis represents angle 24 and the vertical axis intensity of X-rays. The analysis showed 
presence of minerals yeelimite and corundum. The differences among the three patterns were negligible therefore 
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Fig. 1. A sample of yeelimite from the crucible after clinkering (Y0). 
 
Based on the XRD patterns, yeelimite was identified as practically the only mineral. Besides that, residues from 
original raw minerals were entirely fractionally and irregularly represented. These were calcite, anhydrite II and 
corundum. At specific ages of hydration, samples of hydrated yeelimite clinker were taken in order to determine 
mineralogical composition by XRD. 
XRD patterns were evaluated using the characteristics of minerals presented in Table 2. 
Table 2. Characteristics of identified minerals. 
Mineral Marking dhkl (ǖ) / I (%) ICDD-PDF-card 
Yeelimite, 3CaO·Al2O3·CaSO4 Y 3.760/100, 2.650/25, 2.166/20 00-033-0256 
Calcite, CaCO3 C 3.035/100, 2.285/18, 2.095/18 00-005-0586 
Anhydrite II, CaSO4 A 3.500/100, 2.849/29, 2.328/20 00-037-1496 
Corundum, Į-Al2O3 Co 2.551/100, 2.085/89, 1.602/66 00-046-1212 
Ettringite, 3CaO·Al2O3·3CaSO4·32H2O E 9.751/100, 5.630/41, 3.886/30 01-072-0646 
Monosulfate, 3CaO·Al2O3·CaSO4·12H2O M 8.932/100, 4.466/21, 4.000/20 01-083-1289 
 
All XRD patterns of hydrated yeelimite clinker up to age of 180 days of hydration were assembled into 
a 3D graph illustrated at Fig. 2. 
Two horizontal axis x and y represent angle 24 and the age of hydration, respectively. The vertical axis indicates 
intensity of X-rays. Minerals ettringite, yeelimite and monosulfate were identified in the XRD patterns. Gradual 
increase of intensity of ettringite diffractions and coresponing decrease of yeelimite diffractions were observed up to 
age of approximately 60 days of hydration. Nevertheless, the basal diffraction of yeelimite dhkl = 3.760 ǖ was the 
only dominant line of all patterns. Marked release of basal diffraction of monosulfate dhkl = 8,932 ǖ, initially with 
very diffuse character, was observed in the age between 15 and 20 days of hydration. In course of time, the intensity 
and sharpness of this diffraction rose and other diffractions of monosulfate became apparent. With increasing 
intensity of monosulfate, the intensity of diffractions of ettringite virtually stopped to increase at the same time. This 
means that the ettringite is not the only hydration product of yeelimite. Monosulfate is also formed which has the 
same stoichiometric ratio of CaO/SO3 as that of yeelimite. Thus it can be assumed that monosulfate will prevail in 
the system at long-term storage, also for that reason that ettringite will gradually transform into it. 
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Fig. 2. A 3D graph assembled from XRD patterns of hydrated yeelimite clinker. 
4. Discussion 
The experiment verified that the hydration products of yeelimite agree with products claimed by some authors 
[13,14]. 
But apart from yeelimite, ettringite and monosulfate, residues of original raw compounds were found. These did 
not affect observed yeelimite hydration in the environment of saturated water vapour. 
During the hydration, gradual increase of ettringite diffractions was observed up to age of approximately 60 days 
of hydration with corresponding slow decrease of yeelimite diffractions. Nevertheless, yeelimite basal fraction 
represented the dominant line in all XRD patterns up to the end of reporting period. 
At the age of hydration of 15 and 20 days, distinct monosulfate diffraction exclusion dhkl = 8.92 ǖ become 
evident. This diffraction had very diffuse character initially, but with increasing age of hydration these diffractions 
had bigger intensity and gradually pungency and remaining diffraction lines of this mineral were apparent. With 
growth of monosulfate intensity, intensity of ettringite diffraction lines virtually ceased to increase. From this 
follows that ettringite is not the only hydration product of yeelimite. Beside it, monosulfate is formed which has the 
same stoichiometric ratio CaO/SO3 as yeelimite has. Thus it is possible to presuppose that monosulfate will 
dominate in the long-term stored system, and also for that reason ettringite will transform into monosulfate 
gradually. 
The presence of mix of AFm and AFt phases as products of hydration of yeelimite confirmed the studies of some 
authors mentioned [8,10,13,14]. 
Based on the results obtained it can be stated that if the hydrated yeelimite clinker is exposed to the environment 
of saturated water vapour, amount of ettringite formed even increases, though monosulfate is formed beside 
ettringite very shortly. Ettringite maximum is reached at the age of roughly 50 days of exposure to the environment 
of saturated water vapour, the quantity does not change practically or changes insignificantly subsequently. The 
amount of monosulfate is up to age of approximately 20 days of exposure comparatively low, it starts to increase 
fairly sharply later. With increasing amount of monosulfate ratio of loosely bound water to hydroxyl water also 
decreases likewise. Moreover, throughout entire time period studied, yeelimite as dominantly represented mineral is 
preserved. 
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5. Conclusion 
This study handled the issue of long-term observation of yeelimite clinker hydration in environment of saturated 
water vapour. 
The work deals with manufacturing of ettringite in the way of yeelimite clinker hydration. The thermodynamic 
stability of ettringite exposed to environment of saturated water vapour was monitored. 
It has been found that this way of ettringite synthesis is not completely smooth. During the hydration of 
yeelimite, transformation of ettringite into monosulfate occurs, whilst the system contains a dominant part of 
original yeelimite from a long-term observation. 
It is believed that thorough study of proving that ettringite is stable under certain conditions, will enable 
utilization of fluidized bed combustion fly ash for production of Portland composite cement. 
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